About 80 blueberry (Vaccinium) accessions represent four species in New Zealand collections. They are highly heterogeneous and constitute a valuable resource as parental material for breeding. However, hybridisation between different species and ploidy levels does not produce viable seed in vivo. To increase the variation available to breeders, and to introgress characters from different species into parental breeding populations, interspecific, interploidy crosses were made. Ovules were cultured aseptically 14, 28 and 35 days after pollination. Embryos were dissected from the enlarged ovules and cultured on regeneration media. From fourteen of these crosses, more than 200 plants regenerated within 6-10 weeks. In ovulo embryo culture was more successful when the maternal parent had a lower ploidy than the male parent. Flow cytometry revealed that 4x × 6x crosses produced pentaploids, while the progeny of 4x × 5x and 5x × 6x crosses had nuclear DNA contents similar to that of the maternal parent. Random Amplified Polymorphic DNA and Simple Sequence Repeat marker analyses are being used to confirm the hybrid nature of these progenies. Hybrid plants are being propagated in vitro, acclimated in the greenhouse and established in field trials. Our study has demonstrated that in vitro ovule culture and embryo rescue can be used to overcome post-zygotic barriers to interspecific hybridisation between Vaccinium species with different ploidy levels.
INTRODUCTION
Although the first blueberry cultivars arrived in the 1950s, commercial blueberry cultivation in New Zealand commenced in the mid-1970s with the introduction and field trialling of cultivars imported from the United States (Anonymous, 1973 (Anonymous, , 1975 (Anonymous, , 1979 Langford, 1982) . With the main objective of increasing variation for maturity date, further evaluation of selected seedlings over four seasons during 1984-88 from a range of crosses introduced from the United States resulted in the release of the first New Zealand cultivars 'Puru', 'Nui' and 'Reka' (Patel and Douglas, 1989) . Since then, many more new cultivars of northern highbush type (Vaccinium corymbosum) as well as some southern highbush (V. corymbosum hybrids) and rabbiteye (V. ashei) types suitable for a range of environments have been released (Patel and George, 1997; Scalzo et al., 2009a,b,c; Buck et al., 2012) . Nevertheless, blueberry breeding in New Zealand is based on a limited collection of cultivars and introductions. New introductions are subject to strict quarantine regulations, leading to long periods in quarantine and associated high costs. Imported stocks carry the risk of introducing unwanted organisms into the country (Hancock et al., 1993) and therefore use of existing genetic resources to improve blueberry further and increase its genetic resource base is necessary.
The Vaccinium collection in New Zealand is represented by about 80 cultivars belonging mainly to tetraploid species (V. corymbosum, V. corymbosum hybrids, V. angustifolium and V. simulatum), with some hexaploid cultivars belonging to V. ashei. Interspecific hybridisation at different ploidy levels is an attractive option to introgress characters. For example, tetraploid species are early maturing with good flavour (V. corymbosum), resistant to Botryosphaeria spp., and have higher antioxidant concentrations with few seeds in their berries (V. angustifolium). V. angustifolium is well adapted to colder climates, is low maintenance with low agrochemical input requirements because of its high degree of pest resistance, and is well suited to mechanical harvesting (Janes and Percival, 2003; Yarborough, 2012) . Hexaploid cultivars belonging to V. ashei have greater plant vigour and yield, tolerance of a wider range of soils, and greater fruit firmness, giving longer shelf-life of harvested fruit (Brevis et al., 2008) .
It is also important to increase the heterozygosity in the northern highbush blueberry germplasm in New Zealand, as this group has undergone much inbreeding not only in New Zealand, but also in North America, from where it originated (Brevis et al., 2008; Chavez and Lyrene, 2009) . Furthermore, there is sufficient evidence to conclude that the tetraploid Vaccinium species, including V. corymbosum and V. angustifolium, are autotetraploids, with non-preferential bivalent chromosome pairing (Qu et al., 1998; Lyrene and Olmstead, 2012) , thus increasing the challenges faced by breeders.
V. angustifolium has not received the attention given to northern and southern highbush cultivars, and rabbiteye cultivars (Janes and Percival, 2003) . Similarly, interspecific hybridization has played a minor role in improvement of cultivated hexaploid rabbiteye blueberries. Where it has been used, it has involved only V. constablaei in the secondary gene pool. Only one F 1 and one BC 1 hexaploid interspecific hybrid cultivars are known (Ballington, 2009) .
Despite its usefulness in introgressing traits, success in attempts to hybridise cultivars at different ploidy levels and among species has been limited, mainly because of post-zygotic barriers (Munoz, 1985) . Therefore, the aim of this work was to introduce traits from three different Vaccinium species into the next generation of breeding populations using in vitro techniques for ovule culture and embryo rescue.
Crossing the hexaploid cultivars with tetraploids and vice versa results in a very small number of partially or completely sterile pentaploids. Pentaploid hybrids have dark and irregularly shaped fruit not suited to the high value fresh market (Fig. 1b) . However, pentaploids can be used to facilitate bilateral transfer of characteristics between the tetraploid and hexaploid levels in blueberry (Laverty and Vorsa, 1991; Ballington et al., 1997; Lyrene et al., 2003) . This work was therefore also directed towards investigating opportunities for establishing fertile forms of the desired hybrid combinations using the very few existing pentaploid hybrids in the collection, for new cultivar development.
MATERIALS AND METHODS

Plant Material, Pollen Viability Testing and Hybridization
Plants of tetraploid, pentaploid and hexaploid Vaccinium species and hybrids growing at the Plant & Food Research site in Hamilton, New Zealand (37°46'S; 175°19'E) were used for the crosses. Parental plants used for crosses had at least one desirable trait sought in our breeding programme, such as low grittiness in fruit, fruit firmness (e.g., 'Nui', 'Ono'), high antioxidant concentrations in fruit (V. angustifolium), early season production, plant vigour, and tolerance to Botryosphaeria spp. (V. angustifolium). Typical fruit of Vaccinium with different ploidies are shown in Figure 1 .
Pollen viability of male parents was tested using a hanging drop method (Voyiatzis and Paraskevopoulou-Paroussi, 2002 ) by culturing pollen grains for 6 h and observing germination rates using a light microscope. In spring, when the flowers were at the early bloom stage (i.e., 2-3 days before anthesis), they were emasculated by removing the corolla and immature stamens using small forceps as described by Galletta and Ballington (1996) . Shoots with emasculated flowers were enclosed in brown paper bags. All the flowers were approximately at the same physiological stage of development when emasculated, with the stigma almost fully extended. Pollination was effected by lightly touching the stigmatic surface with a glass slide coated with pollen collected within the previous 24 h ( Galletta and Ballington, 1996) . A number of stigmas were removed from flowers 24 h after pollination, stained with aniline blue and pollen germination checked using a fluorescent microscope.
Ovule Culture and Embryo Rescue
Immature berries were harvested from the crosses on 7, 14, 28 and 56 days after pollination. The immature berries were washed in running tap water for 10 min, then surface sterilised by immersing in 70% ethanol for 45 s, followed by washing in 1% sodium hypochlorite solution with 0.2% (v/v) Tween ® 20 for 20 min in tightly closed Schott bottles on an orbital shaker (50 rpm). The immature berries were then rinsed three times with sterile water. Following surface sterilisation, the immature berries were dissected in aseptic conditions using a binocular microscope and ovules were transferred to one of five different media for growth and development. Four of the media tested were based on B5 macro-and micro-elements (Gamborg et al., 1968) , supplemented with Kao and Michayluk (1974) vitamins and 1% sucrose. One medium (672) was additionally supplemented with coconut water (20 ml/L filter sterilised and added after autoclaving) and casein hydrolysate (250 mg/L). In another medium (2581), coconut water was replaced with 2.32 µM kinetin. Medium 2585 had no kinetin or coconut water but was supplemented with L-asparagine (302.8 µM), L-cystine (83.3 µM) and L-arginine (94.9 µM). The fourth medium (2584) was similar to medium 2585 but had no casein hydrolysate. The fifth medium (11) was based on MS (Murashige and Skoog, 1962) macro-and micro-elements, and vitamins. It was supplemented with 1-naphtheleneacetic acid (0.54 µM), thidiazuron (13.62 µM) and 3% sucrose.
All media used for ovule culture were solidified with 7.5 g/L agar and poured into 9-cm petri plates. Medium pH was adjusted to 5.8 before autoclaving. Harvested ovaries were numbered and ovules from each were distributed across the five media, allowing the performance of ovules from each immature berry to be monitored on different media. Cultured ovules were incubated in the dark at 23±2°C.
When seeds developed from the ovules, they were either scarified by damaging the seed coat with a scalpel, or if the seed was large enough, the embryo was squeezed out and transferred to a fresh plate of the medium on which it had been growing.
Embryo Growth, Micropropagation and Acclimation of Hybrid Lines
The emerging putative hybrid plants were removed from petri plates at the 4-6 leaf stage and multiplied on proliferation media in 290-ml clear wide-mouth disposable tissue culture tubs with snap-on lids. Proliferation media consisted of Lloyd and McCown (1980) macro-and MS micro-salts and B5 vitamins supplemented with either 10 µM 2-isopentenyladenine (2622) or 9.12 µM zeatin (2621) and 2% sucrose solidified with 2.5 g/L Gelrite ® . When sufficient numbers of shoots were produced, individual shoots were cut and transferred to low-zeatin (1 µM) shoot elongation media.
Shoot cultures were maintained at 23±2°C with a 16-h photoperiod. The light intensity of 35-45 µmol m -2 s -1 was provided by cool white fluorescent tubes. After 2-3 weeks in these media, plants were transferred to standard potting mix and acclimated under high humidity for 2-3 weeks before transfer to the greenhouse.
Ploidy Analysis
Nuclei were isolated from fully expanded, young leaves of in vitro growing putative hybrid plants and from field-grown parental material. Nuclei isolated from greenhouse-grown Hieracium leaves were used as an internal standard and prepared by co-chopping with the blueberry plant material. Samples were chopped in an extraction buffer (0.1 M citric acid, 0.5% Tween ® 20), and filtered through a 30-µm nylon mesh to remove cell debris. The resulting nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI) (0.02 mg ml -1 in saturated Na 2 HPO 4 .2H 2 O) according to the manufacturer's protocol (Partec, Münster, Germany). Relative nuclear DNA content was measured using a Partec PA-II Flow Cytometer with UV excitation. The ploidy level of the putative hybrids was estimated using Partec FloMax software and compared with the parental values.
Random Amplified Polymorphic DNA (RAPD) Banding Pattern Analysis
DNA was extracted from fully expanded young leaves of parental plants using Qiagen DNeasy Plant Mini kit following the manufacturer's instructions and from putative hybrid tissue-cultured plantlets using a modified CTAB method based on Kobayashi et al. (1998) . DNA was quantified using a Qubit™ Fluorometer (Invitrogen). RAPD bands were amplified and visualised as described by Timmerman et al. (1993) with the following modifications: amplifications were carried out in 20-µl reactions containing 1-5 ng of total plant DNA, 1× Reddy Mix™ PCR buffer (Thermo Fisher Scientific Inc., Waltham, MA, USA), 1.5 mM MgCl 2 , 100 µM of each dNTP, 0.2 µM of the decamer primer and 1 U of ThermoPrime Taq DNA Polymerase (Thermo Fisher Scientific Inc.). The primers used were from Operon Technologies Inc. (Alameda, CA, USA): OPQ09 (GGCTAACCGA), OPT14 (AATGCCGCAG) and OPW19 (CAAAGCGCTC). Thermal cycling was carried out in a Mastercycler ep gradient S Thermal Cycler (Eppendorf AG, Hamburg, Germany) for 40 cycles with the following parameters: 15% ramping to 95°C for 1 min, 18% ramping to 70°C for a 1 s hold 9% ramping to 50°C for a 1 s hold, 3% ramping to 35°C for 1 min and 15% ramping to 72°C for 2 min. The 72°C segment of the final cycle was extended to 8 min. PCR products were analysed by electrophoresis on gels containing 1% agarose, 1% NuSieve and 1× TBE (Sambrook et al., 1989) . After electrophoresis gels were stained with ethidium bromide, then destained and images captured using a GelDoc 2000 with QuantityOne software (BioRad, Hercules, CA, USA).
Statistical Analysis
A generalized linear model with a Poisson distribution (for counts) was applied to each parent plant's data, with factors for flower number and culture medium, using the flower × medium interaction as an estimate of overdispersion.
RESULTS AND DISCUSSION
Pollen growth in vitro using the hanging drop method indicated that the pollen of the male parent genotypes used was viable. Pollen germinated on the stigma of all the crosses analysed. Hybrid plants were produced from 14 crosses representing all possible ploidy combinations (Table 1) . In all the successful crosses except one, the embryos from ovules cultured 28 days after pollination formed "seeds" with a distinct seed coat. However, some of these seeds were too small for the embryo to be dissected out. Thus the surfaces of these ovules were damaged using a sharp scalpel blade and the ovules placed on fresh medium. In some crosses, the seeds were large enough for fully formed embryos to be extracted by squeezing the seed. In others, although the "seed" was formed, its contents were translucent, watery and lacked solid internal structure, and did not contain a viable embryo.
No plants were recovered from ovules cultured on medium 2581, in which coconut water was replaced with kinetin, whereas plants were produced on all other media. Best recovery of plants was obtained on media 2585 and 672, but plants on medium 2585 were produced, on average, 20 days earlier than those on other media, and this difference was significant (p=0.008). Casein hydrolysate seemed to play an important role in the recovery of plants. When it was absent (medium 2584), it took longer to produce plants than when it was present (medium 2585). It is possible that the effect of coconut water in medium 672 can be mitigated by the addition of amino acids (medium 2585 had three amino acids).
Flow cytometric analysis confirmed that crosses between tetraploid and hexaploid parents resulted in pentaploid progeny, thus confirming their hybrid nature (Fig. 2) . The crosses involving a pentaploid parent always resulted in progenies with nuclear DNA contents approximately those of the lower ploidy parent (Fig. 2) . RAPD analysis was performed on a small number of the putative hybrids from the successful crosses. It provided confirmation of the hybrid nature of the progeny from two of the four crosses for which analysis has been completed to date (Fig. 3) . Hybrid plants were propagated in vitro, then acclimated in the greenhouse.
Early-acting inbreeding depression has been found to contribute to low rates of self-fertility in three Vaccinium species: V. myrtilloides Michaux, V. angustifolium Aiton, and V. corymbosum L. (Hokanson and Hancock, 2000) . Removal of anthers before anthesis helped to overcome early embryo abortion in our experiments, and ensured all ovules were available for crosses.
Intraspecific crosses showed that development in vitro was similar to that in vivo. In cultured ovules from interspecific crosses, the endosperm started to divide normally but disintegrated shortly after being placed in culture. The zygote, however, did not abort immediately following endosperm degeneration and instead remained alive but undivided for more than 30 days, as previously described by Munoz and Lyrene (1985) in tetraploid and diploid crosses.
In addition to the RAPD analysis, we screened a parental subset with Simple Sequence Repeats (SSR) in order to investigate if this marker analysis could provide similar results to those of RAPD analysis i.e., could test progenies for true hybridity on a molecular level. First results indicate that this method is reliable, robust and shows polymorphism within the parental subset. Plant & Food Research (PFR) has a wellestablished set of blueberry SSRs in-house, previously developed for genetic diversity studies and mapping (Buck et al., 2012) . In addition to the diversity studies, fingerprinting and progeny testing for hybridity using SSRs are carried out routinely within PFR on other crops. Based on that and the nature of SSRs (more robust technique and high reproducibility), we plan to use the SSR technique for further studies on interspecific blueberry crosses.
Hybrid plants are being propagated in vitro, acclimated in the greenhouse and established in field trials. Our study has demonstrated that in vitro ovule culture and embryo rescue is useful in overcoming post-zygotic barriers to interspecific hybridisation between Vaccinium species with different ploidies.
